A new type of engine seal is being developed to meet the needs of advanced hypersonic engines.
A seal braided of emerging high temperature ceramic fibers comprised of a sheath-core construction has been selected for study based on its low leakage rates. Early design studies 4 identified important seal design parameters including: fiber diameter; yarn bundle size, fiber packing density, and percent core structure for low leakage.
Accompanying the development of these engine seals, NASA is also developing engine seal flow models to predict the seal leakage through these porous seal structures. These seal flow models can be used during the design process in one of two ways: to predict performance losses associated with parasitic leakage through the seals; and to predict purge coolant flow rates through these seals where ambient engine flow temperatures exceed the seal's operating temperature limit. The purpose of this paper is to provide an analytic means of predicting the gas flow through these braided structures and to determine quantitatively the relationship between gas leakage rate and the pore structure of the seal.
THEORETICAL

Definition of Flow Path
As shown in Fig. 1 , the flow path across a seal system can be divided into two categories: 
The shape factor, ¢ is defined as:
= area of sphere equivalent to particle volume actual surface area of particle The shape factor, ¢ is unity for a sphere and 0.87 for a cylinder with its diameter equal to its length. The equivalent diameter of a particle is defined as the diameter of a sphere having the For a fiber with a diameter Df and length L, the equivalent same volume as the particle.
diameter is:
(3) and the shape factor is:
Hence, (¢D) can be expressed as: The gas leakage rate can be expressed as the sum of the leakages through the seal and around the seal, and is given by:
where subscripts, sl and e refer to the seal and edge, respectively. The individual leakages are
given by:
The flow resistances encountered in the flow path through the seal is determined from Eq. (6) and is given as:
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The edge flow consists of two parallel paths as shown in Fig. 2 and the flow resistance of each of these two paths may be summed in parallel as: 
The total flow resistance of the seal for substitution into Eq. (11) is then given by: The porosity of sheath and core sections of the specimens for Model II were determined from the following two equations:
where t and t 1 respectively (see Fig. 4 ). 
Flow Resistances for Different Gases
Because of the many environments the seals are expected to operate in, it is important to be able to predict the flow resistance to various potential coolants or leakage gases. Shown in Fig. 6 is the measured resistance of helium plotted against the resistance of air for a wide range of seal architectures (specimens A1, B1, C1, D1, G1, and H1), pressure drop conditions (between 5 to 80 psig), preload conditions (80 and 130 psig) investigated. If the seal's pore structure is constant, flow resistance is directly proportional to viscosity and inversely proportional to density of the flowing gas (e.g., Eq. (6)). Hence, when we compare the flow resistance of helium to that of air in Fig. 6 , we expect the slope of the straight line to be:
The straight line indicated in Fig. 6 is the theoretical line with a slope of 7.9 obtained using Eq. (30). Experimental data given in Fig. 6 when fitted with a straight llne yielded a slope of 6.2, which compares favorably with the theoretical value of 7.9.
Comparison of Measured and Predicted Leakage Rates
The measured and predicted leakage rates for A1 and G1 seals with widely different seal architectures are shown in Figs. 7 and 8 for applied pressure differentials up to 80 psi for both air and helium test gases. Also shown in the figure are the effects of lateral preload on seal leakage. Lateral preloads of 80 and 130 psig were applied to the back of the seal with a diaphragm compressing the seal against the adjacent sidewall. Key braiding and geometry parameters of these two seal structures denoted A1 and G1 are listed in Table 1 .
Comparing the overall leakage rates between specimen A1 and G1 one finds that the leakage rates for G1 are considerably less than A1. Specimen G1 meets the tentative leakage limit of 0.004 lb/sec/ft (e.g., Ref.
3) for air pressure differentials up to 40 psi with a preload of 80 psig. Specimen A1 meets the leakage limit for pressure differentials only up to 30 psi.
In general, both models predict the leakage rates reasonably well with the measured data over the full pressure range for both air and helium test gases. Model II gives values closer to those measured at a preload of 80 psig, and Model I predicts values closer to those measured at 130 psig.
In examining Figs. 7(a) and 8(a) , the versatility of Model II in predicting actual leakage rates is demonstrated. At a pressure differential of 40 psi and preload of 80 psig, the discrepancy between the measured and predicted leakage rates were only between 6 to 13 percent even though the overall leakage rates differed by a factor of 1.7.
In all the cases, the fiber diameter was used as the basis of calculation. However, if yarn diameter is used as the equivalent diameter, the prediction of the gas leakage rate is very poor as it differs from experimental observation by more than four orders of magnitudes.
Potential Sources of Modeling Discrepancy
A potential source of the discrepancy between the measured and predicted leakage rates is the porosity dependence on preload. As the preload pressure is increased the fibers are urged closer to one another and closer to the adjacent surface making it more difficult for the air to flow around the fibers, thus increasing flow resistance. Neither of the models considered in this paper account for this porosity-load dependence and is presently under development.
The choice of shape factor _ has a considerable effect on the predicted leakage rates. For example, since in Eq. (6) the term containing (_D) is squared, increasing it from 0.75Dr to 0.80Dr increases the predicted leakage by 14 percent. Selection of the shape factor _b is based on the quality of the model fit to experimental observations and the seal porosity value used.
As improved measured values of porosity become available, it is expected that the shape factor could change and approach the theoretical upper limit of 1.5. Based on the findings from the comparison between measured and predicted leakage rates, the following results were obtained:
SUMMARY
AND CONCLUSIONS
1. Leakage rates predicted using Model II agree favorably to the measured leakage rates for modest preloads (80 psig) for a wide range of braided seal architectures. Agreement within 6 to 13 percent was observed at a pressure differential of 40 psi for seal specimens A1 and G1 whose overall leakage rates differed by a factor of 1.7. 
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